The X-ray Integral Field Unit (X-IFU) is one of the two instruments of the Athena astrophysics space mission approved by ESA in the Cosmic Vision 2015-2025 Science Programme. The X-IFU consists of a large array of transition edge sensor micro-calorimeters that will operate at ~100 mK inside a sophisticated cryostat. A set of thin filters, highly transparent to X-rays, will be mounted on the opening windows of the cryostat thermal shields in order to attenuate the IR radiative load, to attenuate radio frequency electromagnetic interferences, and to protect the detector from contamination. Thermal filters are critical items in the proper operation of the X-IFU detector in space. They need to be strong enough to survive the launch stresses but very thin to be highly transparent to X-rays. They essentially define the detector quantum efficiency at low energies and are fundamental to make the photon shot noise a negligible contribution to the energy resolution budget. In this paper, we review the main results of modeling and characterization tests of the thermal filters performed during the phase A study to identify the suitable materials, optimize the design, and demonstrate that the chosen technology can reach the proper readiness before mission adoption.
INTRODUCTION
The Advanced Telescope for High-Energy Astrophysics (Athena) [1] is the second Large (L2) astrophysics space mission selected by ESA in the Cosmic Vision 2015-2025 Science Program to address the Hot and Energetic Universe science theme [2] . ATHENA, whose launch is scheduled before 2030, will be equipped with a 12 m focal length grazing incidence X-ray telescope based on the innovative silicon pore optics technology, capable to provide 1.4 m 2 effective area at 1 keV with an angular resolution full width at half maximum (FWHM) of 5" over a large field of view (> 40' diameter) [3] [4] . The telescope will be mounted on a moveable platform which will allow both focus adjustment and tilt to point the X-ray beam on one of the two focal plane detectors: the X-ray Integral Field Unit (X-IFU) [5] [6] microcalorimeter array, and the large Wide Field Imager (WFI) [7] [8] depleted field effect transistors (DEPFET) array.
The X-IFU, based on an array of 3840 transition edge sensors (TES) microcalorimeters, will provide integral field spectroscopy in the energy range 0.2-12 keV, with an energy resolution of 2.5 eV FWHM up to 7 keV, and 5 arcsec half energy width (HEW) spatial resolution over a field of view of 5 arc minute equivalent diameter [5] [6] .
The X-IFU microcalorimeters will operate at a temperature close to 100 mK inside a sophisticated multi-stages detector cooling system (DCS). To allow the X-ray photons, focused by the large area Athena telescope, to reach the X-IFU detector at the focal plane, windows have to be opened on the cryostat thermal and structural shields. Thermal filters (TF) need to be mounted on such shields to attenuate the radiative heat load from warm surfaces, but they are required to be highly transparent in the X-ray energy range of interest. For this reason, the TFs need to be very thin and made of light materials, but at the same time they have to be resistant enough to withstand severe launch stresses and space environment radiations [9] [10].
The TFs, beside protecting the detector from IR radiative load, have to protect the detector from molecular contamination and attenuate radio frequency (RF) generated from the spacecraft telemetry and onboard electronics. The TFs also contribute together with an optical blocking filter (OBF), mounted on a filter wheel, to reduce the optical load from bright UV/Vis astrophysical sources [11] .
Large size sub-micron thickness polyimide films coated with aluminum have been successfully used in many recent missions such as Chandra [12] [13] and XMM Newton [14] , demonstrating reliability and long-term stability [15] [16] . The same type of filters has been successfully used on rocket experiments with microcalorimeters [17] , and were mounted on the Suzaku X-ray Spectrometer based on doped Si microcalorimeters [18] , and onboard Hitomi [19] [20] . This positive heritage guided our choice of polyimide carrier coated with aluminum as the baseline material for the design of the X-IFU TFs [9] .
Athena is presently in phase-A study, both at spacecraft and instrument levels. In particular, the instrument phase-A will be completed by the end of 2018 and the mission adoption by ESA is planned on early 2021; at that time, a technology readiness level (TRL) 5 or more, according to ESA standards [21] , shall be demonstrated for all relevant subsystems of the instrument.
In this paper, we give a general current status overview of the design and experimental characterization test campaigns performed to support the design consolidation of the X-IFU TFs, in view of the Preliminary Requirement Review at the end of the instrument phase-A. Three other papers presented in this conference provide more detailed information on thermal modelling [22] , RF attenuation measurements [23] , and mechanical tests and structural analysis [24] performed on partially representative TF samples.
In section 2 we will review the requirements the TFs have to satisfy and the drivers that have guided our design; in section 3 we present the currently investigated TF design; section 4 is dedicated to review the characterization tests performed on partially representative filter samples. The last section before the conclusions will be dedicated to describe the ongoing trade-off analysis aimed at optimizing the TF performances to fully satisfy the requirements.
REQUIREMENTS AND DESIGN DRIVERS
The following requirements in terms of performance and functionality, applicable throughout the life of the mission, have been identified for the X-IFU Thermal Filters and reported in the document "X-IFU Optical Thermal Blocking Filters Requirements Document" prepared by CNES and presently available as a draft [25] . Many of the requirements are currently identified as to be confirmed (TBC) and will be better defined along the mission development.
 Soft X-ray transmission. Some of the key science goals of the X-IFU require a large effective area at 1 keV and a low energy threshold response below 0.2 keV [5] . Both requirements largely depend on the TFs transmission, which implies to use light filter materials and to keep the filter thickness to the minimum value compatible with required attenuation of infrared radiation and mechanical robustness. Molecular contamination sticking on the filters would affects the low energy transmission. The X-ray transmission of the full TF stack, including contribution from contamination, shall be better than the values presented in table 1.  Detector protection from contamination. Molecular contamination from the satellite environment onto the cold detector surfaces could cause loss of efficiency and performance degradation. To prevent a significant deposition of contaminants along the mission lifetime the TFs have to seal the focal plane assembly (FPA) from the external environment. Contaminants deposited on a TF can also cause loss of detection efficiency, for this reason the need to warm-up the outer filters for contamination removal has to be considered in the filter design. The most critical TF for contamination will likely be the outer one, mounted on the 200 K outer shield and exposed to the spacecraft environment. This TF shall be kept at a temperature higher than 320 K (TBC). Furthermore, for the three outer TFs, namely TF200, TF100, and TF30 a heating mechanism shall be implemented to allow decontamination (TBC). The efficiency loss due to contamination deposited on the TF stack during the mission lifetime shall not be larger than 10% at any energy (TBC).
Beside these requirements, the TFs shall withstand a static differential pressure up to 1 mbar (TBC), survive the launch vibration loads of the launcher, and survive a certain number of thermal cycles (TBD).
Given the above requirements and attempting to maximize the low energy response of the X-IFU, entirely defined by the TF stack transmission, we have started an investigation to identify the minimum thickness of polyimide that could provide sufficient strength and reliability, and the minimum thickness of aluminum per filter that could provide sufficient IR reflection [8] . In order to reduce the polyimide thickness, the use of a supporting mesh with small pitch has been considered mandatory, at the price of some efficiency loss at high energy. A polyimide thickness of 45 nm for each filter has been considered feasible by LUXEL Corp., while 20 nm of aluminum has been identified as the minimum thickness to provide adequate IR reflection. Considering that aluminum develops a layer of oxide few nm thick both at the exposed surface and at the interface with polyimide [26] , we have chosen a minimum conservative thickness of 30 nm of aluminum deposited on each TF.
CURRENT INVESTIGATED DESIGN
According to the above reported requirements and design drivers, and based on the results of preliminary structural analysis under static loads [27] , we have identified a TF set to be investigated along the instrument phase-A. provides the main characteristics of the investigated set of thermal filters. The meshes designed to improve the mechanical robustness, and thus allow the use of a very thin polyimide film, are currently made of SAE 304 stainless steel (SS) for the four outer filters, and of niobium for the inner filter to not introduce any static magnetic field close to the detector. The SS meshes are plated with 5 µm thick gold to fully absorb Fe fluorescence line emission induced on the meshes by background particles. The three outer TFs will be mounted on the aperture cylinder of the DCS shields, while the two inner and colder filters will be mounted directly on the FPA. The aperture cylinder has been designed in order to minimize the distance of the TF from the focal plane and thus reduce their diameters. The aperture angle defined by the TF diameters is larger than the telescope aperture angle to allow for the four calibration modulated X-ray sources (MXS) to uniformly illuminate the entire focal plane detector. The main driver in the TF design for the X-IFU was to maximize the low energy transmission. Figure 3 shows a comparison between the X-ray transmission of the full stack of five TFs of the X-IFU and the transmission of the full stack of TFs of the Soft X-ray Spectrometer on board Hitomi [19] . Superimposed are the requirements on transmission at 0.35 keV, 1 keV and 7 keV. The current investigated design of the X-IFU TFs provides a huge gain in transmission at low energy, but the use of the thick metal meshes instead of thinner Si meshes determines some loss in efficiency at high energy where the requirements are not satisfied. Our choice of quite thick metal meshes was driven by the need for mechanical strength (the X-IFU filters are much larger than the Hitomi filters), good thermal and electrical conductivity (the meshes have to provide RF attenuation), and good coupling of the thermal expansion coefficient (CTE) with that one of the metal interfaces thus simplifying the mounting of the filter onto the filter frame, frame carrier and AC/FPA. 
CHARACTERIZATION TESTS SUPPORTING THE DESIGN
In order to support the design consolidation of the X-IFU TFs, and to start increasing the TRL of the proposed technology, we have procured/manufactured different test samples along the phase-A. Such samples can be divided in three main sets (samples numbering is chronological with first samples procured in October 2015, and last ones in March 2018): 1) small size witness samples for optical properties characterization and surface analysis mounted on standard TF111 LUXEL frames with 15 mm inner diameter; 2) large size samples with representative meshes and thick polypropylene films replacing the thin polyimide to test the mechanical properties of the meshes; 3) medium size samples with representative meshes (including the gold plating) and representative thin polyimide films coated with aluminum for mechanical and environmental tests of the thin membrane mounted on meshes. The coarse and fine meshes, with pitch of 5 mm and 2 mm respectively, are better described in Table 2 . Figure 3 shows pictures of two large size samples, namely sample #3 (top left) and #4 (top right), and two medium size samples, namely sample #5 (bottom left) and #6 (bottom right). Preliminary results have been reported elsewhere on optical characterization and surface analysis investigation [10] [26] , vibration tests performed on large size samples #3 and #4 at the Centre Spatial de Liege in March 2017 [27] , thermovacuum tests performed on the same samples at INAF-OAPA in Palermo [27] , and high resolution X-ray spectroscopy measurements [28] . Here we report some results from further optical characterization measurements and mechanical tests performed on new filter samples. The best fit modelling is consistent with a total amount of 7 nm of aluminum oxide, which suggests that the same amount of oxide forms at the interface with the polyimide and on the open surface as measured with XPS at the BACH beamline of the ELETTRA Synchrotron (Basovizza, Italy) [26] . The UV modelling also fits well with the soft X-ray measurements performed at the BEAR beamline of ELETTRA. 
Transmission measurements and modelling

Vibration tests
A new vibration test campaign was performed in November 2017 at the Max-Planck-Institut fuer Extraterrestrische Physik (MPE). Sine, random, and shock vibration tests, carried out using an UD T-1000 shaker, were aimed at testing the performance of the thin polyimide/Al film supported by representative fine and coarse Au plated SS meshes (medium size samples #5, #6), and to test the performance of the Nb fine mesh (large size sample #7). The adopted reference sine and random vibration test levels, derived from the Ariane 5 launcher manual [35] , are reported in Tables 3. Increasing load levels were applied to the filters, while approaching the reference level, with shorter duration with respect to the reference level in order to reduce the risk of fatigue failure. The reference level and higher levels were maintained for the full reference duration. All tested X-IFU filter samples survived in-plane reference vibration levels and out-of-plane vibration levels increased by +10g 0-peak sine load and + 3dB random load with respect to the reference levels. Filters have also survived out-ofplane shock reference tests according to the load level specified in Table 4 . MPE. Vibration tests were performed keeping the filters in vacuum during the vibrations, to mimic the launch condition and to reduce potential damages from flying particles. 
Acoustic tests
Despite the current baseline is to launch the X-IFU DCS in vacuum, thus without acoustic load on the thermal filters, launching in vacuum has some drawbacks such as a larger mass allocation or the lack of thermal conductance to dissipate the heating caused on suspension Kevlar wires by the launch vibrations. For these reasons, the option to launch the DCS in atmospheric pressure or moderate residual pressure is under evaluation as a back-up solution.
In order to investigate whether the TFs can survive launch without vacuum, a preliminary acoustic test has been conducted in the reverberation chamber of the Mechanics and Vibro-acoustic Department of the AGH University in Krakow on April 2018. Five filter test samples from #3 to #7 were mounted inside a vacuum tight box. Acoustic tests were run at different residual pressures inside the box, namely: 1 mbar, 10 mbar, 100 mbar, and 1000 mbar. The acoustic noise reference spectrum adopted for the test campaign has been derived from the Ariane 5 launcher manual [35] , and is reported in Table 5 . The last row provides the overall acoustic sound pressure level (OASPL) integrated in the frequency band 20-2028 Hz. Acoustic tests were performed in wide band with a spectrum as close as possible to the reference one. Increasing load levels were applied starting at a sound pressure level (SPL) of 110 dB at the peak of the spectrum (approx. 125 Hz) and raising the level with 6 dB steps up to 128 dB. At higher levels, up to the maximum, the level was increased at 3 dB steps. Every test lasted 30 s up to the highest level, maintained for 120 s. Figure 6 left panel shows the vacuum tight box placed inside the reverberation chamber at AGH. The right panel shows the acoustic load spectrum measured in the reverberation chamber (red) compared with the reference level (orange), and that one measured inside the vacuum tight box kept at atmospheric pressure (blue). The sound pressure level at frequency higher than ~125 Hz is significantly dumped by the box, while at low frequency the box transmits the sound spectrum nearly unchanged. -Reference -Inside %IFU -Outside %IFU, dB Figure 6 . Vacuum tight box used to test the X-IFU filter samples #3 to #7 mounted inside the reverberation chamber at AGH University in Krakow (left panel). The right panel shows the measured sound spectrum inside the reverberation chamber (red line) compared with the reference spectrum (orange line), and the spectrum measured inside the box kept at atmospheric pressure (blue line).
All X-IFU filter samples survived the acoustic load up to the Ariane 5 reference level (137 dB @ 125 Hz) both in moderate vacuum (1, 10, 100 mbar) and at atmospheric pressure (1000 mbar). Despite these encouraging results, a more significant test should be performed keeping the filters in an acoustic environment representative of the actual mounting inside the DCS or with a simulated acoustic spectrum derived from the knowledge of the DCS transfer function. If new tests will confirm that launching the DCS in atmospheric pressure or partial pressure is acceptable and this option becomes the new baseline, proper care will need to be put in the design of the evacuation paths, to prevent differential pressures to build up across the thin fragile filters during the few tens of seconds needed for the launcher cargo to evacuate while the rocket exits the Earth atmosphere.
RF attenuation tests
As previously mentioned, the TFs have also to protect the sensitive TES array and SQUID based read-out electronics from the radio frequency (RF) originating from the spacecraft antenna and from on-board electronics. In the current DCS design, the two thermal shields at 2 K and 200 K are designed as Faraday cages to provide electromagnetic shielding. Each of the TFs mounted on these shields, namely TF2 and TF200, has to ensure 30 dB attenuation in the range 30 MHz-18 GHz [25] . In order to prove that our filter design can provide the required RF attenuation, we have set-up an experimental bench at the XACT facility of INAF-OAPA [36] for the low frequency range (< 3 GHz) and at UNIPA for the high frequency range (3-20 GHz). Figure 7 shows the two reverberation chambers designed and built to perform measurements at low frequencies (diameter 250 mm) and at high frequencies (diameter 100 mm), respectively. Figure 7 . Reverberation chambers (100 mm and 250 mm diameters) designed and built to perform RF attenuation measurements on X-IFU thermal filter samples.
A detailed description of the apparatus, adopted experimental approach and results is presented in [23] . The experimental campaign has proven that a thin film of aluminum 30 nm thick is capable to provide at least 30 dB attenuation at frequencies higher than approximately 6 GHz. On the other hand, a metal mesh with a pitch of 4 mm is capable to provide the requested attenuation at lower frequencies. The combination of a 30 nm Al film with such a mesh is compliant with the requirements in the investigated frequency range 2-20 GHz. The experimental activity will proceed with RF attenuation measurement of meshes with different geometrical parameters (pitch and bar width), in order to identify the proper geometry of the optimized meshes for TF2 and TF200. The overall attenuation of the full set of TFs strongly depends on the design of the aperture cylinder and focal plane assembly (e.g. geometry, surface treatment, etc.), for this reason, in order to estimate the total RF shielding efficiency we will perform RF modelling and measurements on a simple mock-up of the AC and FPA shields with representative TFs in place.
TRADE-OFF ANALYSIS AND DESIGN CONSOLIDATION
According to simulations and measurements performed so far, the current investigated design of the X-IFU TFs, described in section 3, are compliant with the functional requirements. However, as shown in Figure 2 , the use of thick metal meshes to provide mechanical robustness and RF attenuation at low frequencies (< 6 GHz) causes a reduction of the overall X-ray transmission such that the scientific requirements at E > 1 keV are not satisfied. In this section, we discuss how we plan to improve the TFs design to fully meet the scientific requirements.
Can we remove one of the TFs in the stack?
The first attempt was to evaluate whether one of the five filters in the stack could be removed without significant impact on the radiative heat load onto the detector. In order to verify this option, we have performed a thermal modelling of the TFs stack [22] to derive the temperature profile of each filter in the various configurations. For each configuration, we have then calculated the photon shot noise contribution (FWHM) to the energy resolution budget, according to the formulation presented in [9] with the following updated assumptions:
1. both the aluminum and polyimide side of the filters have an emissivity of 0.05; 2. filters are tilted by 2°, in alternate directions, with respect to the horizontal plane, to reduce multiple reflections; 3. the adopted microcalorimeter detection time needed for optimal filtering is 7.5 ms (TBC); Table 5 shows the average effective temperature of each filter as derived from the thermal modelling and the contribution to the photon shot noise for each configuration. Notice that TF200 is much warmer than its shield temperature since in order to minimize the molecular contamination it is required that it operates at temperatures higher than 320 K.
The removal or break of any of the inner four filters has a significant impact on the detector energy resolution. The removal of TF200 is not viable since it is the main molecular contamination shield. 
Can we increase the mesh cell size?
As a second option, we evaluated whether it is possible to increase the mesh pitch to reduce the blocking factor, in particular on those filters where there is no requirement on RF attenuation. Thin unsupported membranes when subject to a local damage or hole usually fully break. The use of supporting meshes protects the filters from full breakage limiting the local damage to within one cell. We have thus evaluated what is the impact onto the photon shot noise caused by an open cell in each one of the five TFs as a function of the cell diameter (Figure 8 ). The use of a mesh with a pitch size < 2 mm is necessary on TF0, and < 3 mm on TF2 to reduce the effect of local damages on the detector energy resolution. TF30, TF100 and TF200 can tolerate larger holes and thus meshes with a pitch size ~ 5 mm can be used. 
Frame and mesh design optimization
In order to reduce the blocking factor of the TFs to meet the X-ray transmission requirements at E > 1 keV, based on the encouraging results from vibration and acoustic tests performed on partially representative filter samples, we have started to review the mechanical design of the filter frames and the mesh, trying to minimize the stress concentration and thus being able to reduce the mesh bar width and thickness. Figure 9 shows a comparison between the current investigated circular frame design (left) and an alternative option under investigation (right) with hexagonal shape matching the shape of the detector array. Figure 9 . Comparison between the current investigated circular frame design (left) and an alternative option under investigation (right) with hexagonal shape matching the shape of the detector array. Both configurations have the usual approach with the mesh (red) and the membrane glued together in between an inner and an outer frame (green). 
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As shown in Figure 10 , the hexagonal shape allows to have a uniform attachment of the mesh wires on the frame and thus a more uniform distribution of the stress with respect to the circular frame. The hexagonal frame shape, according to structural modelling, can provide a gain of a factor between 1.5 and 2 in maximum static pressure before plastic deformation of the mesh. Figure 10 . Mesh wire attachment to the frame in the circular (left) and hexagonal (right) frame designs. Table 7 reports the main parameters of the optimized TFs design. Figure 11 shows that this TFs configuration meets the X-ray transmission requirements. Figure 11 . Modelled X-ray transmission for the full set of optimized design X-IFU TFs (red dashed line) vs. the full set of currently investigated design X-IFU TFs (red solid line) and the full set of TFs used on Hitomi SXS (blue line). The horizontal marks at 0.35 keV, 1 keV, and 7 keV are the requirements.
SUMMARY AND CONCLUSIONS
In this paper, we have reviewed the development status of the thermal filters that will be mounted on the focal plane assembly and aperture cylinder of the Athena X-IFU detector cooling system to protect the sensitive microcalorimeter array from IR radiative load, RF EMI, and molecular contamination.
The currently investigated design consists of a stack of five filters mounted on the opening windows of the thermal shields operating at 50 mK, 2 K, 30 K, 100 K, and 200 K, respectively. In order to maximize the low energy response, each filter will consist of 45 nm thick polyimide film coated with 30 nm of aluminum, glued and electrically connected to a thick metal mesh which provides mechanical support, thermal conductance, and RF attenuation at low frequencies (< 6 GHz).
A few filter samples, partially representative of the current design, have been procured to characterize the material properties, demonstrate the capability of such filters to withstand launch stresses, and start increasing the TRL.
The experimental results and simulations performed so far, show that the currently investigated TFs satisfy most of the requirements, in particular:
• the photon shot noise contribution to the energy resolution budget is ΔEFWHM < 0.2 eV with all 5 filters in place and undamaged; • TF2 and TF200 can provide each an RF attenuation > 30 dB in the frequency range 2-20 GHz.
• the TF samples survived Ariane V launch vibration and preliminary acoustic tests.
The use of thick metal meshes, however, affects the filter transmission which is not fully compliant with the requirements at E > 1 keV. Based on the very encouraging results from environmental tests and structural analysis, an optimization of the frame and mesh design is ongoing to reduce the mesh blocking factor and fully meet the X-ray transmission requirements. A new set of optimized filter samples will be procured and tested under vibration and acoustic loads to consolidate the design before the end of Phase-A.
